The genes coding for quinaldine catabolism in Arthrobacter sp. strain Rue61a are clustered on the linear plasmid pAL1 in two upper pathway operons (meqABC and meqDEF) coding for quinaldine conversion to anthranilate and a lower pathway operon encoding anthranilate degradation via coenzyme A (CoA) thioester intermediates. The meqR2 gene, located immediately downstream of the catabolic genes, codes for a PaaX-type transcriptional repressor. MeqR2, purified as recombinant fusion protein, forms a dimer in solution and shows specific and cooperative binding to promoter DNA in vitro. DNA fragments recognized by MeqR2 contained a highly conserved palindromic motif, 5=-TGACGNNCGTcA-3=, which is located at positions ؊35 to ؊24 of the two promoters that control the upper pathway operons, at positions ؉4 to ؉15 of the promoter of the lower pathway genes and at positions ؉53 to ؉64 of the meqR2 promoter. Disruption of the palindrome abolished MeqR2 binding. The dissociation constants (K D ) of MeqR2-DNA complexes as deduced from electrophoretic mobility shift assays were very similar for the four promoters tested (23 nM to 28 nM). Anthraniloyl-CoA was identified as the specific effector of MeqR2, which impairs MeqR2-DNA complex formation in vitro. A binding stoichiometry of one effector molecule per MeqR2 monomer and a K D of 22 nM were determined for the effector-protein complex by isothermal titration calorimetry (ITC). Quantitative reverse transcriptase PCR analyses suggested that MeqR2 is a potent regulator of the meqDEF operon; however, additional regulatory systems have a major impact on transcriptional control of the catabolic operons and of meqR2.
A
rthrobacter sp. strain Rue61a, an isolate from sludge of the wastewater treatment plant of a coal tar refinery, is able to utilize quinaldine (2-methylquinoline) as a source of carbon and energy (1, 2) . Methylquinolines and related N-heteroaromatic compounds are constituents of coal tar and shale oil. Quinolines are more water soluble than their homocyclic naphthalene analogs, and hence they are more readily transported to subsoil and groundwater if entering the environment, e.g., from abandoned coal processing facilities or from wood-creosoting activities. Many quinoline derivatives are considered toxic and/or mutagenic and thus are of environmental concern. However, quinaldine is used in aquaculture for anesthesia of fish (3) . Interestingly, quinaldine is also a possible chemical signal in the urine of the male red fox (4) and the male ferret (5) and a component of the anal sac secretion of skunks (6) . Quinoline derivatives of natural origin moreover include a plethora of alkaloids from microbial, animal, and plant sources, especially from the Rutaceae (7) . A number of bacterial isolates, mainly aerobes from soil, with the ability to degrade quinoline derivatives have been described in the literature (reviewed in reference 8).
Quinaldine degradation by Arthrobacter sp. Rue61a is initiated by two hydroxylation steps, catalyzed by the molybdenum enzyme quinaldine 4-oxidase (9) and an NADPH-dependent 1H-4-oxoquinaldine 3-monooxygenase. A cofactor-independent dioxygenase subsequently cleaves the intermediate 1H-3-hydroxy-4-oxoquinaldine to carbon monoxide and N-acetylanthranilate (10, 11) , which is hydrolyzed to acetate and anthranilate by an arylacylamidase (12) (Fig. 1A) . The genes that are required for the conversion of quinaldine to anthranilate are clustered in two divergently oriented upper pathway operons (ARUE_113p00030 to -00060 and ARUE_113p00070 to -00110) on the linear 113-kb plasmid pAL1 (GenBank accession no. CP003205.1) (Fig. 1B) (2, 13) . Whereas strictly aerobic bacteria described to degrade anthranilate usually oxidize anthranilate to catechol, which is subjected to dioxygenolytic ring cleavage, Arthrobacter sp. Rue61a exclusively uses a pathway involving coenzyme A (CoA)-thioester intermediates (2) . The amino acid sequences of the proteins encoded by open reading frames (ORFs) 22 and 23 within the lower pathway operon, comprising ARUE_113p00190 to -00230 (Fig.  1B) , show significant similarity to those of 2-aminobenzoate CoA ligase and 2-aminobenzoyl-CoA monooxygenase/reductase of Azoarcus evansii, respectively. Transcription of the three catabolic operons on pAL1 is upregulated in cells grown on quinaldine or on aromatic compounds downstream in the degradation pathway (13) ; however, the molecular basis of transcriptional control has remained unresolved.
The DNA regions on pAL1 flanking the lower pathway operon contains two genes, tentatively termed meqR1 and meqR2 (methyl quinoline regulator 1 and 2) (Fig. 1B) , which code for PaaX-like transcriptional regulators. PaaX is the main regulator of the phenylacetate catabolon of Escherichia coli (14) and Pseudomonas putida (15) and acts as transcriptional repressor in the absence of its effector, phenylacetyl-CoA. It should be noted that Arthrobacter sp. Rue61a does not grow on phenylacetate (2) .
PaaX belongs to the GntR superfamily, which is widely distributed throughout the bacteria. The proteins share a similar DNA-binding helix-turn-helix (HTH) domain, fused to an effector-binding and/or oligomerization domain that is highly heterogeneous among the members of the superfamily. Most GntR-type regulators recognize palindromic binding sites; however, operator sites also can be in the form of direct repeats. The majority of GntR-type regulators involved in the catabolism of aromatic compounds act as repressors, but it is not unprecedented that a GntR-type protein acts as an activator or even exhibits a dual role as positive and negative regulator (16) (17) (18) (19) . Several GntR family proteins, including PaaX (20) , were reported to negatively regulate their own production (17, (21) (22) (23) (24) .
Since the genes coding for GntR-type regulators are often located close to the genes that they control, the presence of two paaX-like genes within the catabolic gene cluster on pAL1 raised the questions of whether and how the two proteins contribute to the transcriptional control of quinaldine degradation. In this study, we show that the protein encoded by the meqR2 gene interacts with the promoters of all three catabolic operons on pAL1 as well as its own promoter. Electrophoretic mobility shift assays (EMSAs) indicated that it recognizes a palindromic operator site that is highly conserved in the cognate promoters. AnthraniloylCoA was identified as the specific effector that binds to MeqR2 and impairs MeqR2-DNA complex formation in vitro.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are indicated in Table 1 . Based mainly on the 16S rRNA gene sequence, Arthrobacter sp. Rue61a (DSM 24942) had previously been assigned to the species A. nitroguajacolicus (25) ; however, its substrate utilization pattern differs from that of the type strain of A. nitroguajacolicus and also does not match the differentiating characteristics of the A. aurescens and A. ilicis type strains as reported by Kotoučková et al. (26) , rendering the species allocation of the strain uncertain (unpublished data). Arthrobacter sp. Rue61a was grown at 30°C in mineral salts medium supplemented with vitamins (13) and 7.5 mM ammonium sulfate. Glucose (4%, wt/vol) or 2 mM anthranilate plus 0.5% glucose was added to the medium as a carbon source. Escherichia coli strains were grown at 37°C in Luria-Bertani medium (LB) (27) . If appropriate, 100 g ampicillin/ml and 34 g chloramphenicol/ml were added to the E. coli cultures; cmx-interposon mutants of strain Rue61a were selected on LB with 10 g chloramphenicol/ml. DNA techniques. Genomic DNA of Arthrobacter sp. Rue61a was isolated according to the method of Pospiech and Neumann (28) . Plasmid DNA from E. coli clones was isolated with the E.Z.N.A. Plasmid Mini Kit I (peqlab, Erlangen, Germany). The kit was also used for plasmid preparation from Arthrobacter cells; in this case, cells were treated with 4 mg/ml lysozyme in the resuspension buffer for 30 min at 37°C before the lysis solution was added. Competent E. coli cells were prepared as described by Hanahan (29) . Electrocompetent Arthrobacter cells were prepared and transformed as described by Gartemann and Eichenlaub (30) . DNA restriction and agarose gel electrophoresis were carried out using standard procedures (27) . Restriction enzymes, T4 DNA ligase, T4 polynucleotide kinase, and shrimp alkaline phosphatase were purchased from Thermo Fisher Scientific Inc., Waltham, MA. PCR was performed using the Phusion Hot Start High-Fidelity DNA Polymerase (Finnzymes, Espoo, Finnland), or GoTaq DNA polymerase (Promega, Madison, WI). The primers used in PCRs are listed in Table 2 .
Identification of transcriptional start site. The transcriptional start site of meqR2 was determined by rapid amplification of 5= cDNA ends (5=-RACE) using a 5=/3=-RACE kit (2nd generation) from Roche (Mannheim, Germany) according to the manufacturer's instructions. For cDNA synthesis, 1 g of total RNA, isolated from anthranilate-grown cells of strain Rue61a, and specific primer SP1 were used. The nested primers SP2 and SP3 (Table 2) were used to obtain specific products of the tailed cDNA, and PCR was carried out with the Phusion Hot Start High-Fidelity DNA Polymerase (Finnzymes, Espoo, Finland). The PCR products were purified by gel extraction (innuPREP DOUBLEpure Kit; Analytik Jena, Jena, Germany) and were sequenced (GATC Biotech AG, Konstanz, Germany).
Construction of a meqR2 mutant of Arthrobacter sp. Rue61a. To construct a cassette for replacement of the meqR2 gene by homologous recombination, two DNA fragments that contained DNA from either the 5= or 3= end of the meqR2 gene and a flanking region were amplified (primer pairs F1F/F1R and F2F/F2R; Table 2 ), 5=-phosphorylated in a MeqD, 1H-4-oxoquinaldine 3-monooxygenase; MeqE, 1H-3-hydroxy-4-oxoquinaldine 2,4-dioxygenase; MeqF, N-acetylanthranilate amide hydrolase; CoA ligase, anthranilate-coenzyme A ligase. In the text, conversion of quinaldine to anthranilate and anthranilate mineralization are referred to as the upper pathway and the lower pathway, respectively. (B) Arrows filled in the same shading indicate ORFs transcribed in an operon. Genes and products (2, 13): ORF3, XdhC homologue; meqABC, subunits of quinaldine 4-oxidase; meqD, 1H-4-oxoquinaldine 3-monooxygenase; meqE, 1H-3-hydroxy-4-oxoquinaldine 2,4-dioxygenase; meqF, N-acetylanthranilate amide hydrolase; ORF10, putative transporter (major facilitator superfamily); ORF11, putative MobA-like protein; ORF12, putative MoaA-like protein; ORF13, putative MoaE-like protein; ORF13, putative Fe/Mn superoxide dismutase; ORF15, putative adenylate kinase; ORF17, hypothetical protein; ORF18, hypothetical protein (YjgF family); ORF19, putative fumarylacetoacetate hydrolase family protein; ORF20, cupin superfamily protein; ORF21, putative acyl-CoA thioesterase; ORF22, anthranilate-CoA ligase; ORF23, putative anthraniloyl-CoA monooxygenase/reductase. The genes meqR1 and meqR2 code for PaaX-like proteins.
kinase reaction, and ligated. The ligation product (1,806 bp) was amplified with primers F1F and F2R and inserted into the SmaI site of pUC18, yielding pUC1.8, which was established in E. coli DH5␣. The cmx gene was amplified from the plasmid pKGT452C␤ with primers cmxF and cmxR ( Table 2 ). The PCR product was digested with SfiI and ligated into pUC1.8, yielding pUC3.5. E. coli DH5␣ transformants harboring pUC3.5 were selected on ampicillin and chloramphenicol. Using the primers F1F and F2R and plasmid DNA of pUC3.5 as the template, the 3,534-bp knockout construct, containing homologous regions to pAL1 flanking the cmx gene, was amplified. Electrocompetent cells of strain Rue61a were transformed with 0.5 g of the linear knockout construct. Transformants were selected on NBYE medium (8 g/liter nutrient broth, 5 g/liter yeast extract, 0.3% Tween 80) containing 10 g chloramphenicol/ml. To confirm the gene replacement, genomic DNA was isolated from the chloramphenicol-resistant clones and used as the template in PCRs with primer pairs cmxF/cmxR and with F1F/26R and 23F/F2R (Table 2 ). In the meqR2 mutant of Arthrobacter sp. Rue61a, nucleotides (nt) 82 to 822 of the 867-bp coding region of meqR2 are replaced by the cmx cassette.
RNA isolation and quantitative RT-PCR. For the isolation of total RNA, Arthrobacter sp. Rue61a wild type (WT) and the meqR2 mutant were grown in mineral salts medium to an optical density at 600 nm (OD 600 ) of about 1. Cells of a 50-ml culture were harvested by centrifugation at 4°C and washed in 5 ml ice-cold Tris-EDTA (TE) buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8.0); 1-ml aliquots were centrifuged again, and the cell pellets were frozen in liquid nitrogen and stored at Ϫ80°C. Cell pellets were thawed on ice in 400 l TE buffer; 10 mg lysozyme/ml was added to enhance lysis. Cells were transferred into 1.5-ml cryogenic tubes (Nalgene) containing 300 mg glass beads (diameter, 150 to 212 m; Sigma-Aldrich). Bacteria were disrupted in a Mikro-Dismembrator S (Sartorius, Göttingen, Germany) at 2,900 rpm for 5 min. RNA isolation was performed with the innuPREP RNA Minikit from Analytik Jena (Jena, Germany) according to the manufacturer's instructions. Residual DNA was removed by digestion with RNase-free DNase I (Thermo Scientific) in the presence of RiboLock RNase inhibitor (Thermo Scientific). After DNA digestion, the RNA was purified using the same kit. Firststrand cDNA synthesis was performed using the RevertAid H minus first strand cDNA synthesis kit (Thermo Scientific). The cDNA reaction was carried out at 43°C with 2 g of RNA from each preparation and random hexamer primers. PCR for amplification of specific fragments of the cDNA was performed with GoTaq DNA polymerase (Promega) in 10-l assays containing 1 l cDNA. The primers used for real-time reverse transcriptase (RT)-PCR analysis (Table 2) were designed with the (31) . In order to identify a gene suited as internal control gene, we analyzed the transcription of the ARUE_c00060, ARUE_c16780, ARUE_c16320 (dnaE1), and ARUE_113p01000 loci, annotated as two DNA gyrase subunits A, DNA polymerase III subunit ␣, and a telomere-associated protein, respectively, in cells grown on glucose or with anthranilate. Since the dnaE1 transcript was the most stable under the conditions tested, the expression levels of all the genes tested were normalized using dnaE1 expression as an internal standard. Overexpression of meqR2, purification of recombinant protein, and protein methods. For heterologous overexpression of meqR2, the gene was amplified using primers meqRmalfor and meqRmalrev (Table 2 ) and genomic DNA from Arthrobacter sp. Rue61a as the template. The PCR product was digested with EcoRV and HindIII and ligated into the XmnIand HindIII-restricted vector pMal-c2x (New England BioLabs, Ipswich, MA). The plasmid pMalmeqR2 was established in E. coli ER2508 carrying pLysSRARE (Novagene, Merck, Darmstadt, Germany). To facilitate purification of the protein, the sequence for a C-terminal Strep-tagII was additionally inserted into pMalmeqR2. The whole plasmid was amplified with primers pMALStrepHindfor and meqRHindrev. After HindIII restriction, the plasmid was religated and E. coli ER2508 (pLysSRARE) was transformed. For synthesis of MBP-Strep-tagII (maltose binding protein [MBP] fused with Strep-tagII) to be used in control experiments, pMALc2x was amplified with primers MBPStrepEcofor and MBPStrepEcorev. The PCR product was restricted with EcoRI, religated, and transferred to E. coli ER2508 (pLysSRARE).
E. coli ER2508 (pLysSRARE) clones containing pMALmeqR2Strep or pMALStrep were grown at 30°C in 600 ml LB in 2-liter baffled Erlenmeyer flasks for synthesis of the respective fusion protein. Transcription was induced with 0.3 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at an OD 600 of 0.5; 5 h after induction, the cells were harvested by centrifugation and the cell pellets were frozen at Ϫ80°C. For protein purification, about 8 g wet cells were suspended in 30 ml lysis buffer, containing 20 mM Tris-HCl (pH 7.4), 400 mM NaCl, 5% glycerol, 1 mM MgCl 2 , 12.5 U Benzonase/ml (New England BioLabs), and 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and disrupted by sonication. Cell-free crude extract supernatant was obtained by centrifugation for 40 min at 38,000 ϫ g and 4°C and loaded on a column containing 10 ml amylose resin (New England BioLabs). After washing with 20 mM Tris-HCl (pH 7.4), 400 mM NaCl, and 1 mM EDTA to remove unbound proteins, the respective MBP fusion protein was eluted with 20 mM maltose in the washing buffer and concentrated in a Vivaspin concentrator (molecular mass cutoff, 50,000 Da); the buffer was changed to 100 mM Tris-HCl (pH 8.0), 300 mM NaCl, 1 mM EDTA, 5% glycerol. The protein was then applied to a 2-ml StrepTactin column (IBA, Göttingen, Germany). After removing unbound proteins with 100 mM Tris-HCl (pH 8.0), 300 mM NaCl, 1 mM EDTA, the Strep-tagII fusion proteins were eluted with 2.5 mM desthiobiotin in the same buffer. Concentrations of the purified proteins were calculated from their absorption at 280 nm, using the molar extinction coefficients ε 280 nm ϭ 130,750 M Ϫ1 cm Ϫ1 and ε 280 nm ϭ 71,850 M Ϫ1 cm Ϫ1 for the MBP-MeqR2-Strep-tagII fusion protein (termed MeqR2 in the following) and MBP-Strep-tagII, respectively, as calculated from the amino acid sequence with the ProtParam tool (32) .
Size exclusion chromatography to determine the native molecular mass of the MeqR2 protein was performed on a Bio-Prep SE-1000/17 (Bio-Rad, Munich, Germany) column with 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, at a flow rate of 0.5 ml/min, using a premixed set of marker proteins for calibration (gel filtration standards; Bio-Rad, Munich, Germany). Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to Laemmli (33) , and gels were stained with Coomassie blue G-250.
EMSAs. Digoxigenin (DIG)-labeled DNA fragments for use in electrophoretic mobility shift assays were prepared by PCR, in each case using a 5=-DIG-labeled and an unlabeled oligonucleotide as primer pair (Table  3) . For amplification of specific DNA fragments used in competition assays, the same primer pairs without a DIG label were used. As a nonspecific competing fragment, a 730-bp sequence of Arthrobacter DNA representing part of an esterase gene was PCR amplified using primers estF and estR ( Table 2 ). The concentrations of the PCR products were determined by measuring A 260 with the NanoDrop ND-1000 UV/Vis (visible light) Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Labeled DNA and MeqR2 protein (or MBP-Strep-tagII) were incubated at 30°C for 30 min in 20 mM HEPES (pH 7.5), 1 mM dithiothreitol (DTT), 50 mM NaCl, 25 g/ml salmon sperm DNA, and 10% (vol/vol) glycerol in a final volume of 10 l. Prior to loading the reaction mixture on a prerun nondenaturing 5% (wt/vol) polyacrylamide gel, 2 l loading dye (20 Electrophoresis was performed at 15 mA in 0.5ϫ TBE buffer (45 mM Tris-borate, 1 mM EDTA) at 8°C. Southern blotting on a nylon membrane (Porablot NY plus; Macherey-Nagel, Germany) by capillary transfer was performed as described by Evans et al. (34) . DIG-labeled fragments were detected using an anti-DIG alkaline phosphatase-conjugated antibody (Fab fragments) and 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium chloride as colorigenic reagents, according to the manufacturer's instructions (Roche).
To determine K D values of MeqR2-DNA complexes, EMSAs were performed using different protein concentrations ranging from 1.75 to 80 nM. The corresponding Southern blots were scanned, and relative amounts of labeled free DNA as well as DNA in complex with MeqR2 were quantified using the ImageJ 1.41 software. Data from at least five independent experiments were fit with the Origin8G software to a Hill equation, as follows:
n }, where k 0 and k 1 are the minimum and maximum fraction values of bound DNA, respectively, [MeqR2] is the concentration of MeqR2 protein in the assay expressed as the monomer concentration, and n is the Hill coefficient.
Isothermal titration calorimetry. To determine the K D value and the thermodynamic parameters of the interaction of MeqR2 and anthraniloyl-CoA, the protein was titrated with the effector in a Nano-Isothermal Titration Calorimeter III (model CSC 5300; Calorimetry Sciences Corporation, UT), equipped with a 1-ml sample cell and a 250-l syringe. The purified protein was thoroughly dialyzed at 4°C against HEPES buffer (20 mM HEPES, pH 7.5, 50 mM NaCl, 0.5 mM DTT, 10% [vol/vol] glycerol). The concentration of anthraniloyl-CoA, which was diluted in the dialysis buffer, was calculated using the molar extinction coefficient of ε 365 nm ϭ 5,500 M Ϫ1 cm Ϫ1 (35) . The protein solution (57 M, relating to the MeqR2 monomer) was titrated at 23°C with a 760 M anthraniloylCoA solution (20 injections of 6 l), using a time interval of 400 s between injections. The heat effects from a blank experiment (injection of anthraniloyl-CoA into dialysis buffer) were subtracted before fitting the titration curves to a sigmoidal function with the NanoAnalyse Software (version 2.0.1; TA Instruments). From these curve fits, the binding constant, K A , the binding enthalpy, ⌬H, and the binding stoichiometry, n, were determined. Using the equations ⌬G ϭ ϪRT ln K A and ⌬G ϭ ⌬H Ϫ T⌬S, where R is the universal molar gas constant and T the temperature (in K), the free energy ⌬G and the entropy ⌬S were calculated.
Synthesis of anthraniloyl-coenzyme A. Anthraniloyl-CoA was synthesized according to the protocol described by Simon and Shemin (36) for the preparation of succinyl-CoA. Coenzyme A (44.3 mol) and 29.9 mol of isatoic anhydride (both from Sigma-Aldrich) were mixed in icecold water and titrated with sodium bicarbonate to a pH of 7.5. After a 30-min reaction on ice, the anthraniloyl-CoA formed was purified by preparative high-performance liquid chromatography (HPLC) on a Eurosphere II column (RP-18, 250 by 8 mm; Knauer, Berlin, Germany), using a mixture of 50% methanol and 50% 10 mM ammonium formate (pH 6.8) as eluent and a flow rate of 2 ml/min. The product was lyophilized, and its authenticity was confirmed by mass spectrometry.
RESULTS
Purification of the regulator protein MeqR2. To facilitate functional studies on the putative transcriptional regulator encoded by the meqR2 gene that is located downstream of the lower pathway operon (Fig. 1) , recombinant MeqR2 protein was produced in an E. coli host. Attempts to purify MeqR2 as a fusion with a short affinity tag (His 6 or Strep-tagII) failed, be- 
a The first primer in each primer combination is 5= labeled with digoxigenin.
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March 2013 Volume 195 Number 5 jb.asm.org 1073 cause the majority of the synthesized fusion proteins precipitated with the insoluble fraction of cell extracts (data not shown). However, an N-terminal fusion of MeqR2 with MBP and a C-terminal fusion to the Strep-tagII yielded soluble protein, which could be purified to electrophoretic homogeneity from cell extract of E. coli ER2508 (pMALmeqR2Strep, pLysSRARE) in two chromatographic steps (Fig. 2) . Unfortunately, cleaving off the MBP with factor Xa protease and the subsequent attempt to separate MBP from the MeqR2-StreptagII fusion protein by amylose affinity chromatography again resulted in loss of the MeqR2 protein. Thus, for solubility reasons, the purified MBP-MeqR2-Strep-tagII fusion protein (termed MeqR2) had to be used in the in vitro assays. To ensure that the peptides fused to MeqR2 (or any residual proteins from the E. coli background) do not interact with DNA or with effectors, the control protein MBP-Strep-tagII was purified accordingly from E. coli ER2508 (pMALStrep, pLysSRARE). The molecular mass of the MeqR2 monomer, about 76 kDa as determined by SDS-PAGE, corresponds to the calculated molecular mass of 75.9 kDa of the fusion protein. Size exclusion chromatography indicated a native molecular mass of 153.8 kDa, suggesting that MeqR2 forms a dimer in solution.
MeqR2 binds specifically to the promoter regions of all catabolic operons and to its own promoter. Previous sequence analysis of the promoter regions of meqC (formerly, qox), meqD (formerly, moq), and ORF19 had suggested that meqCp and meqDp likely are 70 -dependent promoters, whereas ORF19p possibly is recognized by 38 -polymerase (13) . As a first step to characterize the meqR2 promoter, the transcriptional start of meqR2 was mapped by 5=-RACE analysis to the position 250 nucleotides upstream of the translation initiation codon. Putative Ϫ10 and Ϫ35 regions for binding of a 70 -dependent RNA polymerase only weakly resemble the E. coli 70 consensus (Fig. 3A) . A sequence (5=-CAATCCAT-3=) exhibiting some similarity to a 38 recognition site 5=-CTA(T/C)(A/G/T)(C/G)TT-3= (37) is located between Ϫ16 and Ϫ9 of the meqR2 promoter. To examine whether the MeqR2 protein interacts with the promoter regions of the catabolic operons and with the promoter of its own gene, electrophoretic mobility shift assays were performed. The presence of MeqR2 indeed resulted in retarded migration of the fragments meqCp1, meqDp1, ORF19p1, and meqR2p2 (for promoter fragments, see Table 3 ). Binding of MeqR2 protein to these DNA fragments could be reversed by the respective specific competitor DNA but not by the unspecific competitor, indicating that binding of MeqR2 to all promoter regions is sequence specific (Fig. 3B) . When the assays were performed with the control protein MBP-Strep-tagII (up to 30 M), the electrophoretic mobility of the DNA fragments was not affected, confirming that DNA binding is due to the MeqR2 part of the fusion protein (Fig. 3C) . To determine the affinity of MeqR2 to promoter DNA, labeled DNA fragments were incubated with different concentrations of protein, and the relative amounts of MeqR2-DNA complex were deduced from Southern blots of EMSA gels. As shown in Fig. 4 , sigmoidal binding curves were observed for the interaction of MeqR2 with the four promoter regions tested. The best fit to the data was obtained when the Hill coefficient was set to 2, suggesting cooperative binding of the MeqR2 dimer to DNA. From the quantitative determination of retarded DNA as a function of the MeqR2 concentration, apparent K D values of MeqR2-DNA complexes of 27.6 Ϯ 6.9 nM, 22.6 Ϯ 6.1 nM, 23.1 Ϯ 5.1 nM, and 24.6 Ϯ 12.6 nM were calculated for meqCp1, meqDp1, ORF19p1, and meqR2p2, respectively, indicating that the in vitro affinity of the MeqR2 protein is very similar for all catabolic promoter regions tested.
Anthraniloyl-CoA is the effector of MeqR2. Our previous observation that all intermediates of the upper pathway of quinaldine degradation positively influence expression of the catabolic operons (13) raised the question of whether any or several of these metabolites affect binding of the regulator protein to its target promoters. The effects of these and related organic compounds on the DNA binding activity of MeqR2 were tested in vitro by EMSA. Remarkably, none of the upper pathway metabolites, even at mM concentrations, interferes with MeqR2 binding to the catabolic promoters (Fig. 5A) . In contrast, anthraniloyl-CoA at much lower concentrations caused full dissociation of the protein from DNA. MeqR2 also showed slight promiscuity toward phenylacetyl-CoA and benzoyl-CoA at mM concentrations, whereas phenylacetate, benzoate, and anthranilate as well as other aromatic compounds tested did not affect DNA binding (Fig. 5A ). Assays performed with the meqR2p2 promoter fragment and anthraniloyl-CoA, phenylacetyl-CoA, benzoyl-CoA, anthranilate, and 1H-4-oxoquinaldine as potential effectors of MeqR2 showed the same results. In an in vitro competition assay, a 25-to 100-fold molar excess of anthranilate did not interfere with the effect of anthraniloyl-CoA on the MeqR2-DNA complex (data not shown). Since acetyl-CoA and free coenzyme A also did not impair formation of the MeqR2-DNA complex, it can be concluded that effector binding of MeqR2 is restricted to aromatic CoA thioesters, with a high specificity for anthraniloyl-CoA. The in vitro binding activity of MeqR2 to promoter DNA is a function of the concentration of anthraniloyl-CoA. As an example, Fig. 5B illustrates the interaction of MeqR2 with a meqD promoter fragment in the presence of increasing amounts of effector. Under the conditions used, anthraniloyl-CoA at concentrations in the range of 60 M to 80 M completely inhibited binding of MeqR2 to all four promoter DNA fragments tested (2 nM meqCp1, meqDp1, ORF19p1, or meqR2; cf. Table 3 ).
To characterize the binding of the specific effector anthraniloyl-CoA to MeqR2, the thermodynamic parameters for the interaction were determined by ITC (Fig. 6) . The titration could be fitted to a sigmoidal curve, characterized by a binding stoichiometry n of 0.82 Ϯ 0.02 (anthraniloyl-CoA/MeqR2 monomer), an exothermal enthalpy change (⌬H is Ϫ64.6 Ϯ 1.4 kJ/mol), and an unfavorable entropy change (T⌬S is Ϫ21.4 Ϯ 1.3 kJ/mol), indicating that binding is enthalpy driven and effector binding leads to loss of conformational freedom of the protein (38) . A dissociation constant K D of 22.07 Ϯ 0.72 nM (binding constant K A ϭ 45.3 ϫ 10 6 Ϯ 1.5 ϫ 10 6 M Ϫ1 ) was determined for the effector-protein complex. No heat changes and therefore no interaction were ob-
FIG 4
Binding affinity of MeqR2 to the promoter fragments meqCp1 (triangles), meqDp1 (circles), ORF19p1 (squares), and meqR2p2 (diamonds). For the promoter regions, see Table 3 . The intensity of the MeqR2-DNA complex and of free DNA on Southern blots of EMSA gels was quantified using the ImageJ 1.41 software. The total intensity of free and bound labeled DNA in each lane was set to 100%. served when the control protein MBP-Strep-tagII was titrated with anthraniloyl-CoA.
MeqR2 binds to a palindromic recognition site. EMSA analyses with a series of labeled promoter DNA fragments (Table 3) allowed us to define the locations of the MeqR2 binding sites (Fig.  7A to D) . Sequence alignments revealed a highly conserved palindromic motif, TGACGNNCGTcA, within the regions that were indispensable for binding of MeqR2 to each promoter (the nucleotides of the palindrome are underlined; the lowercase "c" indicates a cytosine nucleotide that is conserved in 3 of 4 sequences) (Fig. 7E) . Both half-sites of the motif appear to be essential for binding of the repressor, because the promoter fragment ORF19p3, which is truncated within the right-hand part of the palindrome (the 3= end of ORF19p3 is TGACGATC-3=), did not interact with the MeqR2 protein (Fig. 7C) . On both meqCp and meqDp, the motif is located at positions Ϫ35 to Ϫ24. Since this region overlaps with the binding site of the 70 subunit of the RNA polymerase complex, binding of MeqR2 presumably hinders polymerase binding. In the case of the lower pathway operon, the conserved motif is located immediately downstream of the transcriptional start of ORF19 at positions ϩ4 to ϩ15; at this site, binding of MeqR2 may impair formation of the open transcription complex (39) . In the meqR2 promoter, the operator site is located further downstream, with the conserved palindrome at positions ϩ53 to ϩ64. Binding of the MeqR2 protein may inhibit transcription elongation by a roadblock mechanism; however, the interaction of MeqR2 with this site may still afford formation of a short RNA.
Contribution of MeqR2 to transcriptional control of the catabolic operons and its own gene. Previous semiquantitative RT-PCR analyses had indicated that expression of the three catabolic operons on pAL1 is upregulated when Arthrobacter sp. Rue61a is grown on quinaldine or an aromatic compound of the downstream degradation pathway (13) . These findings are corroborated and complemented by quantitative RT-PCR data showing that in the wild-type strain, meqC, meqD, ORF19, and also meqR2 are more strongly expressed when cells are grown on anthranilate than in glucose-grown cells (Fig. 8, WT data) . The effect is most pronounced for the expression of the lower pathway operon, with a 58.2 (Ϯ 11.6)-fold increase in the expression level of ORF19 (Fig.  8C, WT) . Expression levels of meqC, meqD, and meqR2 were 4.5 (Ϯ 1.4)-fold, 10.0 (Ϯ 1.5)-fold, and 5.5 (Ϯ 1.9)-fold higher, respectively, when the wild-type strain was grown with anthranilate ( Fig. 8A, B , and D; WT data).
Disruption of the meqR2 gene increased transcription of meqD and ORF19 in cells grown on glucose by factors of 25.8 Ϯ 2.2 and 1.6 Ϯ 0.7, respectively (white bars in Fig. 8B and C) , suggesting that MeqR2 is a potent regulator of the meqDEF operon but plays a less prominent role in transcriptional control of the lower pathway. However, growth of the meqR2 mutant on anthranilate still increased the expression level of meqD about 9.3-fold (from 25.8 Ϯ 2.2 to 239.2 Ϯ 150.1), i.e., by roughly the same factor as observed for the wild-type strain. In the case of ORF19, the inducing effect of anthranilate also is similar in the wild-type strain (58 [Ϯ 11.6]-fold upregulation) and the meqR2 mutant (55-fold increase of transcript level, from 1.6 Ϯ 0.7 to 88.1 Ϯ 27.2). Unexpectedly, the expression of meqC and meqR2 was very tightly repressed in glucose-grown cells of the meqR2 mutant (white bars in Fig. 8A and D) . The inducing effect of anthranilate as a carbon source on the expression level of meqC and meqR2 was higher in the meqR2 mutant than in the wild-type strain: for meqC, transcript levels increased by a factor of about 19 (from 0.37 Ϯ 0.07 to 6.9 Ϯ 0.9) in the meqR2 mutant, whereas a factor of 4.5 was observed for the wild-type cells; in the case of meqR2, a 9.5-fold increase in transcript levels (from 0.41 Ϯ 0.17 to 3.9 Ϯ 1.6) in the meqR2 mutant contrasts with a 5.5-fold increase in the wild-type strain. Overall, the transcript levels observed in cells of the meqR2 mutant clearly indicate that additional regulatory systems are superimposed onto the MeqR2-mediated effects on gene expression.
DISCUSSION
Arthrobacter sp. Rue61a is able to utilize quinaldine as a source of carbon and energy. Quinaldine is converted to anthranilate, which is degraded via a CoA thioester pathway that is quite unusual for a strictly aerobic organism (2) . The aerobic anthraniloylCoA pathway was first described for the facultatively anaerobic bacterium Azoarcus evansii KB740 (40) . The proteins encoded by ORF22 and ORF23 of strain Rue61a and 2-aminobenzoate CoA- ligase (AbmG) and 2-aminobenzoyl-CoA monooxygenase/reductase (AbmA) of A. evansii exhibit 52% and 50% sequence identity, respectively, suggesting a common ancestry. However, the organization of genes within the clusters differs in A. evansii and Arthrobacter sp. Rue61a, and the mechanisms controlling gene expression and synthesis of the catabolic enzymes also appear to be different, as the gene cluster of A. evansii comprises a gene (abmF) coding for a MarR-like transcriptional regulator (40) , whereas in Arthrobacter sp. Rue61a, genes coding for GntR family regulators are located within the catabolic gene cluster.
The amino acid sequence of MeqR2 aligns within amino acids (aa) 11 to 281 with the cluster of orthologous groups (COG) domain COG3327, which defines proteins related to PaaX, the phenylacetyl-CoA responsive repressor of the phenylacetate catabolon (E value, 2.95EϪ45). MeqR2 shows 23% overall identity to PaaX of E. coli K-12. With the exception of BphR1 ("Orf0") of Pseudomonas pseudoalcaligenes KF707, which acts as a negative regulator of salicylate catabolic genes but activates its own gene as well as biphenyl catabolic genes (16, 18) , GntR family members that control the degradation of aromatic compounds act as repres- Table 3 . The influence of MeqR2 on the electrophoretic mobility of the respective DNA fragment is indicated by a plus sign (ϩ) for retardation or a minus sign (Ϫ) for no effect on migration. (E) Alignment of DNA regions interacting with MeqR2 as narrowed down by the EMSAs, and deduced consensus sequence of the conserved palindrome. The coding region of ORF19 is set in italics, and transcriptional start sites (ϩ1) and possible Ϫ10 and Ϫ35 regions are underlined. Nucleotides of the palindromes are shaded in gray. Arthrobacter sp. Rue61a (WT) and in the meqR2 mutant (⌬meqR2), grown in mineral salts medium with glucose (white columns) or anthranilate (gray columns), were analyzed by the comparative C T method (31), using dnaE1 as internal control gene. The values of the mRNA levels are relative to those in the wild-type strain grown on glucose. Data are from three independent cultures, each determined in quadruplicate. The error bars represent the standard deviations. For primers and localization of the amplified regions, see Table 2 .
sors in the absence of effector. Representatives besides PaaX are the VanR proteins of Acinetobacter sp. ADP1 and diverse pseudomonads (41), AphS and PhcS, which regulate phenol degradation in Comamonas spp. (42, 43) , BphS repressors that control expression of genes responsible for biphenyl degradation in Ralstonia eutropha A5 and Pseudomonas sp. KKS102 (44, 45) , and CarR J3 , involved in the regulation of carbazole degradation by Janthinobacterium sp. J3 (46) . Many GntR regulators were suggested to bind to their operator sites as a dimer. For FadR, the GntR-type regulator of fatty acid metabolism, the crystal structure of E. coli FadR complexed with DNA revealed a dimeric molecule where the N-terminal domains bind DNA (47, 48) . MeqR2 also appears to form a dimer in solution.
Like most members of the GntR family, MeqR2 recognizes a palindromic binding site (Fig. 7E) . However, the core sequence of the palindrome of the MeqR2 operator site, TGACGNNCGTcA, does not resemble the consensus sequence (WWTRTGATTCGY GWT) of the operators interacting with PaaX of E. coli (49) . FadR appears to recognize the palindromic consensus sequence TGGN NNNNCCA, but in this sequence the two G/C base pairs of each half site are important specificity elements (48) . The conserved palindrome of the MeqR2 binding site also clearly differs from the AT-rich operator sequences of the AphS, BphR1, or BphS regulators (18, 42, 45) . It does not even match the global consensus pattern 5=GT-N (0 -15) -AC-3= of elements recognized by canonical members of the GntR superfamily (50, 51) .
MeqR2 binds to the operator sites of all three catabolic operons of the quinaldine degradation pathway and to its own operator. The K D values of MeqR2-DNA complexes, deduced from EMSA analyses, were similar for the four promoters tested, suggesting that the highly conserved palindrome, rather than surrounding nucleotides, is a major determinant for the affinity. Considering that equilibrium binding constants (K eq ) of approximately 2 ϫ 10 Ϫ10 to 5 ϫ 10 Ϫ10 M were estimated for the interaction of FadR with the fadB, fabA, and fadL promoters (52, 53) , the K D s in the range of 23 to 28 nM deduced from EMSAs for the MeqR2-operator complexes are comparatively high. Though we cannot exclude the possibility that the MBP and/or the Strep-tagII fused to MeqR2 impairs the interaction to some extent and thus reduces the affinity to DNA, a somewhat relaxed transcriptional control by MeqR2 in vivo would make sense from a physiological point of view, because tight repression of the upper pathway genes would prevent formation of anthraniloyl-CoA, which is required for derepression.
The MeqR2 protein shows a high specificity for anthraniloylCoA as effector. The GntR family regulators PaaX and FadR also bind CoA thioesters, namely, phenylacetyl-CoA and long-chain fatty acyl-CoAs, respectively. K D values for complexes of several FadR proteins and acyl-CoA thioesters were reported to be in the range of 25 nM (Vibrio cholerae His 6 -FadR for oleyl-CoA) and 59 nM (E. coli His 6 -FadR for myristoyl-CoA) to up to Ͼ300 nM (E. coli and Salmonella enterica His 6 -FadR for palmitoyl-CoA) or even 2,636 nM (Haemophilus influenzae His 6 FadR for oleyl-CoA) (54, 55) . The K D of 22 nM obtained for in vitro binding of anthraniloylCoA to MeqR2 indicates a high affinity of the protein for its effector. This probably is an important physiological aspect, because in cells that are freshly transferred to quinaldine, substrate conversion to anthraniloyl-CoA initially has to proceed under conditions of "leaky" repression, which likely results in only low intracellular concentrations of the downstream metabolite. On the other hand, basic levels of intracellular anthraniloyl-CoA, even in the absence of quinaldine degradation, may also result from the central metabolism, because anthranilate can be formed through tryptophan degradation. Formation of the effector would then require the activity of anthranilate-CoA ligase. Since Arthrobacter sp. Rue61a, besides the pAL1-encoded enzyme, has a chromosomally encoded anthranilate CoA ligase (2), whose regulation is unknown, formation of anthraniloyl-CoA could be possible even if the operon comprising ORFs 19 to 23 is not transcribed. Thus, both leaky repression and formation of the derepressing effector by pathways other than quinaldine degradation could contribute to maintain synthesis of the catabolic enzymes at a basal level under noninducing conditions.
Quantitative RT-PCR data suggested that while the MeqR2 protein is a potent repressor of the meqDEF operon, additional levels of regulation have a major impact on expression of all catabolic operons as well as the meqR2 gene. Most strikingly, transcription of meqC and meqR2 was tightly repressed in the meqR2 mutant, indicating that other regulatory systems govern expression of these genes. However, since the in vitro data clearly indicated an interaction of MeqR2 with the meqC and meqR2 promoters, MeqR2 presumably contributes to fine-tuning of meqABC and meqR2 expression in vivo. A global carbon catabolite control system may superimpose the pathway-specific regulation by MeqR2. It is also tempting to speculate that MeqR1 is a second pathway-specific regulator involved in a complex regulatory network for the control of quinaldine metabolism. The effect of additional regulatory circuits, the role of MeqR1, and the possibility of transcriptional cross talk between the MeqR regulators will be addressed in future studies.
